We report a novel giant oriented structure observed in plate hydrogels synthesized by photo-polymerization of cationic monomers with cross-linker in the presence of a semi-rigid polyanion as dopant. The giant structure, formed via self-assembly of the semi-rigid polyion complex, consists of millimeter-scale concentric cylindrical domains in cubic packing that are sandwiched by two homeotropically aligned outer layers. A universal relationship between the diameter of the cylinders D and the thickness of the swollen gel T is observed, as D=0.5T, regardless the change in the concentrations of the polyanion and precursor cationic monomer. This result permits us to induce giant concentric structure into hydorgels with the tunable cylindrical size.
Introduction
Hydrogels, a soft and wet matter consisting of cross-linked polymers and a large amount of water, are recognized as the ideal candidate of soft bio-tissues. However, the conventional hydrogels are usually amorphous, weak and with poor functions. In recent years, biomimetic and bioinspired hydrogels have received increasing attention because of their robust functions, high toughness, and potential applications in tissue engineering. [1] [2] [3] [4] [5] [6] [7] For the natural materials, a high degree of sophistication is that the various components self-organize into oriented and hierarchical structures following a well-defined pattern. [1, 8, 9] Thus, liquid crystalline (LC) molecules and block copolymers are often used to develop self-assembled architectures in physically or chemically cross-linked gels. [3] [4] [5] [10] [11] [12] [13] In our previous work, LC hydrogels were synthesized by copolymerizing acrylic acid with LC 11-(4′-cyanobiphenyloxy) undecyl acrylate; these gels show anisotropic shrinkage as temperature increases. [10, 11] Also, Thomas and co-workers created a photonic hydrogel with periodic lamellar structure by using a block copolymer. [12] However, the anisotropic structures in hydrogels developed in the former works are generally in a sub-micrometer or micrometer level. Hydrogels with macroscopically anisotropic structures are rarely realized.
In recent years, we focused on the synthesis of a semi-rigid polyanion poly(2,2ʹ-disulfonyl-4,4ʹ-benzidine terephthalamide) (PBDT) and its self-assembling behaviors in aqueous solution and hydrogels. [14] [15] [16] [17] [18] [19] [20] [21] We have developed hydrogels with macroscopic anisotropic structure by dialyzing the PBDT aqueous solution into a calcium chloride solution. [18] The diffusion of Ca 2+ induces molecular orientation and electrostatic complexation of the negative charged PBDT, and thus the formation of anisotropic structure with size of several centimeters in the physical hydrogel. Furthermore, a hydrogel with millimeter-scale anisotropic domains has been synthesized by the thermal polymerization of a cationic monomer N- [3-(N,N-dimethylamino) propyl] acrylamide methyl chloride quarternary (DMAPAA-Q) in the presence of a small amount of PBDT as dopant. [15, 16] During the polymerization of the isotropic precursor solution, semi-rigid polyion complex forms and self-assembles into randomly dispersed anisotropic domains.
In this paper, we report the discovery of a novel structure for the above system.
Concentric cylinder domains at millimeter-scale in cubic packing are observed in the hydrogels synthesized by the photo-initiated polymerization from the two sides of the reaction cell. In the outer layer, the polyion complexes orient perpendicular to the gel surface, since homeotropic alignment on the glass wall is energetically favorable for the semi-rigid polyion complex. In the inner region, the polyion complexes self-assemble to form well-oriented concentric cylinders with their axes perpendicular to the plate gel surface. Moreover, the diameter of the concentric cylinders can be simply tuned by changing the gel thickness.
Experimental

Synthesis of plate poly(DMAPAA-Q) gels containing PBDT
PBDT, a water soluble semi-rigid polyanion, was synthesized by an interfacial polycondensation reaction. [22] The weight-average molecular weight, Mw, and polydispersity (Mw/Mn) of PBDT were 1.8 × 10 6 g/mol and 1. The hydrogels are synthesized by a photo-initiated polymerization at room temperature. PBDT used in the current work has a significantly high Mw = 1.8×10 6 g/mol, much larger than 8×10 4 g/mol that was used in our previous study. [14, 15] Aqueous solutions with a prescribed amount of PBDT, DMAPAA-Q, NaCl, MBAA, and 2-ketoglutaric acid were poured into the reaction cells consisting of a pair of parallel glass plates with 0.2, 0.3, 0.5, 1 or 2 mm silicone spacer ( Figure 1a ).
Polymerization was carried out by UV irradiation from two sides of reaction cell for 6 h under argon atmosphere ( Figure 1b ). The synthesized plate gels were swelled in a large amount of pure water for a week to reach an equilibrium state. The incorporation of NaCl during polymerization was to enhance the ionic strength of the solution and thus to suppress the occurrence of phase separation due to polyion complex formation; otherwise the gels synthesized with 1.5 M DMAPAA-Q were turbid and showed weak birefringence. [16, 19, 20] Samples are coded as QP-C Q -C P or QP-C Q -C P + C S (if NaCl is incorporated), where C Q is the monomer concentration in M, C P is the PBDT concentration in wt%, C S is the NaCl concentration in M. All the samples are synthesized using a constant concentration of chemical cross-linker (2 mol%) and photo-initiator (0.15 mol%) (relative to monomer concentration).
Polarizing optical microscope (POM) observation
The ordered structures of swollen gels containing PBDT were observed under POM (Nikon, LV100POL) at room temperature. Images were captured by a digital camera coupled with the microscope. All the samples showed a first order white-gray interference color, and 530 nm tint plate was used to distinguish the alignment direction of PBDT.
Small angle X-ray scattering (SAXS)
The swollen gel QP-1.5-1 + 0.5 was cut into a small chip with thickness of ~1 mm and then covered by two Kapton films. SAXS measurements were performed from the lateral direction of the sample at the BL40B2 of SPring-8, Japan Synchrotron Radiation Research Institute, using an incident X-ray with the wavelength, = 1.6 Å.
Scattered X-rays were detected using an imaging plate with a resolution of 0.1 mm/pixel and a 3250 mm sample-to-detector distance.
Elemental analysis
The swollen plate gel QP-1.5-1 + 0.5 was cut into three slices using a thin blade, corresponding to different alignment regions, as schemed in Figure 3b and Figure 5a .
After freeze-drying, elemental analysis of C, H, N, and S were conducted at the chemical analytical center of Hokkaido University, Japan, using the standard techniques. The swelling degree of the gels was estimated by measuring the mass ratio of the sample in its swollen state to its dried state.
Results and discussion
The poly(DMAPAA-Q) gels synthesized without adding PBDT are amorphous.
However, strong birefringence can be observed under polarizing optical microscope (POM) while introducing a small amount of PBDT, e.g. C P = 1 wt%, much lower than the critical concentration of nematic LC, C LC * of 2.2 wt%. [18] [19] [20] [21] The birefringence is not homogeneous over the sample, with macroscopic Maltese cross occasionally, indicating the existence of either a radial or a concentric structure by molecular orientation (Figure 2 ). The interesting phenomenon is that, after immersing the as-prepared gel into pure water, many Maltese crosses appear that do not change with the rotation of the samples, and they array in a well-defined cubic packing (Figure 3a , upper image). This permits us to quantitatively characterize the structure of the Maltese crosses of the gel in the swollen state.
Since the polycation is a flexible polymer with much shorter persistence length, the birefringence of PBDT-containing gel is considered mainly from the oriented PBDT, which is a positive LC, as has been clarified from the birefringent colors of its aqueous solution under shearing. [21, [23] [24] [25] [26] PBDT shows blue and orange colors if oriented in southwest and northwest directions observed with 530 nm tint plate, respectively. From the birefringent colors of PBDT-containing hydrogel, one can determine the orientation of PBDT and its polyion complex in the hydrogel; this method was confirmed by small angle X-ray scattering (SAXS) in our previous study. [21] Therefore, the birefringent image observed with tint plate in Figure 3a (lower image) indicates that cubic-packed, millimeter-scaled concentric structures correspond to the orientation of PBDT molecules or the PBDT complexes along the circular direction of the cylinder, as illustrate in Figure 3c (left illustration). [21, 26] Then, we observe the structure of the gel from the lateral direction (cross-section of the plate gel) under POM. When the sample is placed at 45° against the polarizer or analyzer, it shows strong birefringence in the center region as well as in the two surface regions close to the substrates, and between the center region and the surface region, dark lines parallel to the surfaces are observed (Figure 3b The parallel orientation of the PBDT molecules in the center region and the homeotropic orientation in the surface regions are also confirmed by the SAXS measurements ( Figure 4 ). X-ray was irradiated from the lateral direction of the gel, as shown in Fig. 4a ; the scattering points relate to the outer and inner regions of the gel with different molecular alignments. Both scattering patterns are elliptical, despite of very weak, indicating the molecular alignment perpendicular to the long axis of the elliptical shape (Figure 4b and Figure 4c ). The preferential molecular alignment determined by SAXS is consistent with the POM observation. To be more specific, for example, the elliptical scattering pattern of the inner region has a long axis of the ellipsoid in the meridian (Figure 4c ), indicating that the average distance between PBDT/polyion complex aligned parallel to the substrate is slightly shorter than that aligned vertical to the substrate. No distinct intensity variation is observed along the circular direction of the scattering plane. The POM micrographs and SAXS measurements suggest that the nematic LC structure with a low order parameter is formed in the gel. The slight diffuse scattering peak in Figure 4 corresponds to an average characteristic spacing of ~10 nm, suggesting the spatial correlation among the semi-rigid polyion complexes formed by the strong electrostatic interaction. [27] [28] [29] The above side view observation in Figure 3b indicates that the plate shaped gel has a millimeter scale layered structure in its thickness direction. So we further slice the gel in its thickness direction into 3 pieces of different oriented layers, and observe these slices from the top surface direction (Figure 5a ). Both slices of the outer layers show very weak birefringence (Figure 5c ). On the other hand, the slice of the middle layer exhibits strong birefringence of well-arranged Maltese crosses (Figure 5d ), quite similar to that of the original bulk gel (Figure 5b ). Thus, we confirm that the concentric giant domains exist in the inner region, as shown in Figure 3c . As a summary, giant concentric cylinders composed of semi-rigid polyion complex are cubically packed in the inner region of the hydrogel, sandwiched by homeotropically aligned surface layers.
When we stack the three slices together, they exhibit the same patterns without any decay in the birefringence in comparison with the original bulk gel, as observed from both the top surface and cross-section directions under POM (Figure 5e ). Thus, the formation of cubic-packed cylindrical structure does not come from any internal stress mismatch between the surface layer and the inner layer with different molecular orientations.
The hydrogels with cubic-packed giant concentric domains can be developed in a large range of C Q and C P . The diameter of concentric cylinders, D, in the swollen gels shows a slight decrease with the increase in C Q and C P for the gels synthesized with a constant concentration of cross-linker (2 mol%) and initiator (0.15 mol%), as well as thickness of silicone spacer (1 mm) (Figure 6a and 6b What mechanism is responsible for the formation of such well-defined, giant oriented structure in the hydrogels? Polyion complex formation between poly(DMAPAA-Q) and PBDT should be responsible for this structure formation. This is confirmed by the fact that if we use an anionic monomer, 2-acrylamido-2-methylpropanesulfonic acid (AMPS) instead of DMAPAA-Q, both the as-prepared and swollen gels exhibit no birefringence due to the absence of polyion complexation. [15, 16, 19] During the polymerization, polyion complex forms between the polycation and oppositely charged PBDT. [19] [20] [21] Primarily, the homeotropic alignment on the glass substrate seems energetically favorable for the semi-rigid polyion complexes, and thus form the oriented structure in the outer region of the gels, where PBDT and its polyion complex align perpendicular to the substrate surface. Similar results are observed in other LC complex system consisting of sulfonic acid and amino groups. [30] [31] [32] We should emphasize that the macroscopically homeotropic alignment (at the millimeter scale, ~1 mm in Figure 3b ) of PBDT polyion complex is much more long-range than that found by Ujiie and Mendes, which was at the mesoscopic scale of ~20 μm.
The polyion complex should have a poor solubility even in the aqueous solution of relatively high ionic strength. Therefore, phase segregation occurs in accompany with the polymerization. Different from the case in solution, the phase-segregated domains are frozen by the chemical cross-linking at a certain size. As has been clarified in a previous study, owing to the significant UV absorbance of PBDT, the polymerization is preferentially initiated on the two surfaces of the sample, therefore, a gradient structure was formed in the PBDT containing gels due to the monomer diffusion from the inner region to the outer region during the polymerization. [21, 33, 34] This gradient structure is also formed in the present case, as confirmed by the elemental analysis results in Table 1 , which shows that the inner region has a relatively low mass ratio of poly(DMAPAA-Q) to PBDT; in turn, it possesses larger mass swelling ratio than the outer region. This result indicates that the polymerization and cross-linking reaction in the inner region of the sample occurs slowly than the two surface regions. The heterogeneity in photo-initiated polymerization might be responsible for the different size of the cylinder structure formation. The thicker the reaction cell, the slower the gelation kinetics in the inner region, and this favors the larger structure formation in the inner layer of the sample. The increase in the birefringence and the appearance of the ordered Maltese crosses structure by the swelling process in water possibly results from the enhancement of the polyion interaction due to the diffusion of the small counter ions and added NaCl out of the gel. [35] [36] [37] That is, the ordered structure should be developed during the polymerization and the swelling makes it visible under POM.
Further studies are ongoing to elucidate the essential mechanism for the formation of cubic-packed cylinders in the inner region.
Conclusions
In this work, we have developed a novel hydrogel with millimeter-scale oriented structures by photo-polymerization of a cationic monomer in the presence of semi-rigid polyanion PBDT as dopant. The polyion complexes are formed during the polymerization via the electrostatic interaction that homeotropically align on the glass substrate due to the special interfacial interaction. In the inner region, the polyion complexes self-assemble into cubic-packed concentric cylinders with their axes perpendicular to the gel surface. The diameter of the concentric cylinders universally depends on the thickness of the swollen gel, and the latter is tunable by changing the silicone spacer thickness for polymerization of the plate gel. As far as we know, the hydrogel with millimeter-scale cubic-packed concentric domains, as well as long-range homeotropic alignment of polyion complex, has not been reported before that are expected to find applications in material science and merit developing biomimetic hydrogels with intricate complex structures. a Samples from different layers of the swollen gel, as shown in Figure 3b and Figure   5a .
b Mass ratio of poly(DMAPAA-Q) to PBDT estimated from the values of N and S. The mass ratio in feed was 30.9. 
